Worldwide vegetable production valued at over $1 billion each year is threatened by phytophthora blight . This devastating disease is caused by P. capsici, a soil-borne oomycete pathogen that can infect a wide variety of crops in the Solanaceae, Curcurbitaceae, Fabaceae (Babadoost and Zitter, 2009; Erwin and Ribeiro, 1996; Hausbeck and Lamour, 2004) , and 23 other plant families (Granke et al., 2012; Kousik et al., 2012) . Under ideal environmental conditions, phytophthora blight can result in complete crop loss, and prevent further vegetable production in severely infected fields (Babadoost and Zitter, 2009; Hausbeck and Lamour, 2004; Kousik et al., 2012) . Mature fruit can also be infected before harvest, but symptoms do not become discernible until fruit is received by processing plants and retailers (Jupe et al., 2013; Lamour et al., 2012) , resulting in crop rejection and additional loss of revenue (Kousik et al., 2011) . Finally, disposal of infected and sporulating plant material is costly which creates further problems for growers (Erwin and Ribeiro, 1996; Lamour et al., 2012) .
Effectively managing phytophthora blight is challenging because dispersal of sporangia via irrigation or rain water results in rapid movement of inoculum around crop fields, and the pathogen can kill plants quickly making chemical control difficult (Erwin and Ribeiro, 1996; Granke et al., 2012) . Crop rotation is ineffective because of the pathogen's broad host range and ability to produce spores that can remain dormant in soil for up to 10 years (Hausbeck and Lamour, 2004) . Currently, the most effective strategies include cultural practices that reduce soil moisture, planting disease-resistant cultivars, and monitoring fields regularly so fungicides can be applied as soon as symptoms appear (Ristaino and Johnston, 1999) . However, these strategies are becoming increasingly less effective, because P. capsici frequently develops virulent races that can overcome crop resistance (Ristaino et al., 1997) , and many populations are now resistant to most commonly used fungicides (Hausbeck and Lamour, 2004; Kousik et al., 2011 Kousik et al., , 2012 . Alternative strategies are needed to prevent further loss from this devastating disease.
Recently biochar has been suggested as an alternative disease management option Jaiswal et al., 2014; Kammann and Graber, 2015; Lehmann et al., 2011) . Biochar is a highly stable, carbon-rich product derived from pyrolysis, a process of thermally decomposing biomass at 300 to 600°C under partial or complete exclusion of oxygen with little CO 2 produced during the production process Singh et al., 2010) . Biochar amendments have been reported to suppress development of diseases caused by several soilborne pathogens, including Fusarium oxysporum (Elmer and Pignatello, 2011; Matsubara et al., 2002) , Rhizoctonia solani (Jaiswal et al., 2014) , Ralstonia solanacearum (Nerome et al., 2005) , and Phytophthora cinnamomi and Phytophthora cactorum (Zwart and Kim, 2012) . Peach replant disease, which is attributed to a complex of soil-borne pathogens as well as several abiotic soil factors, has also been alleviated by biochar amendment (Atucha and Litus, 2015) . However, the mechanisms facilitating biochar-mediated disease suppression are not well understood, and suppressive effects could depend on the pathosystem and type of biochar applied . Biochar is made from a variety of feedstocks and produced using different pyrolysis conditions which can dramatically alter its physical and chemical properties (Amonette and Joseph, 2009; Downie et al., 2009 ). Differences in these properties have been demonstrated to alter biochar's subsequent effects on soil quality and crop productivity (Mukome et al., 2013; Novak et al., 2009) , and also have the potential to affect its suppressive activity. Many commercially available products are amended with beneficial microbial inoculants which also has the potential to affect the suppressive activity of biochar amendments.
The objectives of this study were to determine whether two commercially available biochar amendments could suppress phytophthora blight, and determine if suppression was correlated with changes in soil biological and chemical properties. Experiments were conducted in greenhouse trials using three naturally infested field soils and a susceptible variety of sweet bell pepper (Capsicum annuum).
Materials and Methods
Soils. Greenhouse trials were conducted using soil collected from three farms with recent outbreaks of phytophthora blight. All soils were collected from areas below infested fruit at a sampling depth of 0-10 cm. One of the soils (Wawaka) Table 1 . After collection from the field, soils were stored at 4°C to limit biological activity until greenhouse experiments were conducted.
Amendments. We tested two commercially available biochar amendments. One biochar amendment (B1) (Diacarbon Energy Inc., Burnaby, BC, Canada) was produced from a softwood parent material that was pyrolyzed for 1 h at temperatures between 450 and 550°C, and ground and sieved to create particle sizes of 4 mm. The other biochar amendment (B2) (Charcoal Green, Crawford, NE) was produced from a softwood parent material that was pyrolyzed for 1 h at temperatures between 550 and 600°C, amended with a proprietary mix of beneficial soil microorganisms and enriched substrates, and ground and formed into pellets for application purposes. Properties of the biochar amendments were determined by Midwest Laboratories and are listed in Table 2 . Biochar (B1) contained more total carbon (C) and iron, and had a greater C to nitrogen (N) ratio and pH than B2, whereas B2 contained more ash, and had a greater concentration of macronutrients and other micronutrients.
Plant material. Seeds of a susceptible bell pepper variety, 'California Wonder', were obtained from Sustainable Seed Company (Covelo, CA). Before planting, seeds were surface sterilized in a 25% sodium hypochlorite solution containing 0.01% Tween-20 (Sigma, St. Louis, MO). Seeds were planted in 72-cell trays containing Fafard Super-Fine Germinating Mix (Conrad Fafard Inc., Agawam, MA) and subject to 4 s of mist every 20 m, and a mean temperature of 23°C to facilitate germination. After 14 d, trays were thinned to one plant per cell and transferred to the greenhouse where they were watered alternately with clear water and fertilizer water every other day for 6 weeks. The fertilizer water contained a combination of two water-soluble fertilizers (3:1 mixture of 15N-2.2P-12.5K and 21N-2.2P-16.6K, respectively (The Scotts Co., Marysville, OH). All irrigation water was supplemented with 93% sulfuric acid (Brenntag, Reading, PA) at 0.08 mL/L to reduce alkalinity to 100 mg · L -1 and pH to a range of 5.8-6.2.
Experimental design. Soil from each location was mixed and sieved (4 mm) to remove rocks and plant debris, distributed in 10-cm pots (0.5 L), and subject to the following treatments: 1) untreated control, 2) soil pasteurization, 3) biochar (B1), and 4) biochar (B2), with five replicates per treatment. Each biochar amendment was applied at a rate of 3% (w/w), based on previous reports of disease suppression at this rate Meller Harel et al., 2012) . Pots were arranged in a randomized complete block design, and each pot was contained in a 20-cm circular tray and subirrigated with clear water to keep soil moist and provide conditions conducive for phytophthora blight. The greenhouse was maintained at a mean temperature of 24°C with a 16-h photoperiod. Two weeks after soil treatment, 8-week-old pepper seedlings were transplanted into each pot, amended with 3 g · L -1 Osmocote 19N-6P-12K (The Scotts Co., Marysville, OH), and irrigated for 5 s to help dissolve the fertilizer.
Plant productivity assays. Plants were harvested 14 d after transplanting into pots. Relative chlorophyll content of pepper leaves was measured just before harvest with a SPAD-502 m (Minolta Corporation, Ramsey, NJ). Measurements were made on three randomly selected mature leaves per plant, with two readings per leaf. Roots were rinsed under tap water to remove all adhering soil, and root and shoot length were determined. Individual plant root subsamples (wet weight, 5 g) were collected using aseptic techniques and stored at 4°C until determination of root system infection. Remaining plant biomass was separated into above and belowground categories, weighed, and ovendried at 60°C for 48 h before weighing again to determine dry weight. About 75 g of soil remaining in each pot was collected and stored at 4°C until laboratory analysis. Root infection by P. capsici was estimated using 10 root cuttings (3-5 mm) plated on a medium semiselective for Phytophthora and Pythium species (PSSM) (Mazzola et al., 2001) , and the percentage of root cuttings that exhibited mycelial growth was quantified 48 h after plating.
Soil assays. Before laboratory analysis, soil samples were thawed, dried, ground, and sieved to 2 mm for all assays except plate counts in which field moist soil was used. To determine plant available nitrogen, soil extracts were created by mixing 5 g of dry weight soil in 12.5 mL of 1.0 mol · L -1 KCl, shaken for 30 m at 350 rpm, filtered with qualitative filter paper 2 (Dot Scientific Inc., Burton, MI), and spectrophotometrically analyzed for ammonium-(NH 4 + -N) and nitrate/ nitrite-(NO x -N) N concentration using a SEAL AQ2 (SEAL Analytical Inc., Mequon, WI). Concentrations of NH 4 + -N and NO x -N were combined and expressed as mineral N. Soil microbial activity was estimated using the hydrolysis of fluorescein diacetate [3#, 6#-diacetylfluorescein (FDA)] on soil slurries using a method described in Green and Stott (2006) . Reacted samples and standards were measured at 490 nm on a BioTek Epoch plate reader (BioTek, Winooski, VT). Soil P. capsici abundance was estimated by counting colony-forming units following serial dilutions plated on PSSM. Soil (pH) was determined following a protocol outlined in Conyers and Davey (1988) , using a 1:2 soilto-deionized water ratio. Measurements were taken using a sensION+ mm150 multimeter (Hach Company, Loveland, CO).
Statistical analysis. Data were analyzed using standard analyses of variance procedures in SAS (SAS version 9.2; SAS Institute Inc., Cary, NC) using PROC GLM, and means separated using Tukey's honestly significant difference test (P < 0.05). Data were checked for model assumptions, and square root or log transformed when normality or equality of variance were not met. Data were back-transformed to report means in tables and figures. Data are reported separately by soil because of significant soil-bytreatment interactions, with the exception of root and shoot length, SPAD reading, and mineral N where the interaction of these factors was not significant. Relationships between plant and soil parameters were evaluated with Spearman's rank correlation analyses using PROC CORR.
Results
Plant biomass. Both soil and treatment significantly affected root length (Table 3) .
When compared across treatments, root length was greatest in the Ayrshire and Conotton soil, followed by Aryshire and Zipp, and lowest in the Wawaka soil. When compared across soils, root length was lower in the pasteurized treatment relative to the control. Shoot length was also influenced by soil type with the greatest length in the Ayrshire and Conotton soil, intermediate in the Ayrshire and Zipp, and lowest in the Wawaka (Table 2 ). In contrast, there was no effect of treatment on shoot length across the three soils tested (Table 3) . Soil pasteurization reduced root dry weight relative to the other treatments in the Wawaka soil, increased root dry weight relative to the other treatments in the Aryshire and Conotton soil, and increased root dry weight relative to the control and B2 treatment in the Ayrshire and Zipp soil (Table 4 ). There were no significant differences in shoot dry weight among treatments in any of the three soils tested (Table 4) .
Soil and plant chemical analyses. Mineral N was not different among soils when compared across treatments, but was lower in the B2 treatment relative to the control when compared across the three soils tested (Table 3). Relative leaf chlorophyll content estimated by a SPAD meter was also not different among soils when compared across treatments, but was lower in the B2 treatment relative to the other treatments when compared across the three soils tested (Table 3) . Soil pH was greater in the pasteurized and B2 treatments relative to the control in both the Wawaka and Aryshire and Conotton soils, but was unaffected by soil treatment in the Aryshire and Zipp soil (Fig. 1) . No significant correlations were detected between plant and soil chemical parameters (data not shown). Soil and plant microbial analyses. Soil microbial activity estimated by FDA hydrolysis was significantly impacted by biochar amendments in each of the three soils tested (Fig. 2) . Soil pasteurization resulted in lower microbial activity than the control in all soils, and microbial activity was lower in the pasteurized treatment relative to both biochar amendments in the Wawaka and Aryshire and Conotton soils, but not in the Aryshire and Zipp soil. Microbial activity was also lower in the B1 treatment relative to the control in all soils, and lower in the B2 treatment relative to the control in the Aryshire and Zipp soil. Phytophthora capsici soil abundance was lower in the pasteurized treatment relative to the control in all soils, and lower in the B2 treatment relative to the control in the Aryshire and Conotton and Aryshire and Zipp soils (Fig. 3) . Percent root infection by P. capsici was lower in the B2 treatment relative to the control in the Aryshire and Conotton and Aryshire and Zipp soils, and lower in the pasteurized treatment relative to the control in the Aryshire and Conotton soil (Fig. 4) . No significant correlations were detected between plant and soil microbial parameters (data not shown).
Discussion
Vegetable growers need alternative strategies to manage the pathogen responsible for phytophthora blight. In this study, we provide evidence that a commercially available biochar amendment can decrease P. capsici soil populations and reduce percent root infection in pepper-indicating that biochar has potential to help mediate phytophthora blight. These results are consistent with other studies that have observed reduced severity of other diseases caused by soil-borne pathogens in response to biochar amendments (Atucha and Litus, 2015; Elmer and Pignatello, 2011; Jaiswal et al., 2014; Matsubara et al., 2002; Nerome et al., 2005; Zwart and Kim, 2012) . However, like Jaiswal et al. (2014) , our results indicate that suppressive effects depend on the type of biochar amendment applied, as well as soil type. Biochar is well known for its potential to alter soil physical, chemical, and biological properties, and such changes are theorized to directly and/or indirectly contribute to its suppressive activity . Feedstock, pyrolysis conditions, and inoculation with beneficial microbes are all factors which have the potential to alter the effect of biochar amendments on soil properties. Both amendments tested in this study were made from softwood parent materials, but they were produced by different companies and likely contained different types of plant species. The amendments were also produced at different hydrolysis temperatures, and one was inoculated with a proprietary mix of beneficial microorganisms and other substrates. Consequently, we cannot determine which factor(s) contributed to the suppressive activity observed in this study, and recommend additional studies that focus on each of these factors alone and in combination, to determine which are most important for suppression of phytophthora blight.
Greater understanding of the mechanisms regulating biochar-mediated suppression is needed to develop products that can consistently reduce soil-borne diseases in the field. Biocontrol activity, whereby beneficial soil microorganisms outcompete or directly inhibit pathogens by stimulating plant growth, producing antibiotic compounds, and/or inducing systemic resistance, is often cited as one potential mechanism for the suppressive effect of biochar amendments Graber et al., 2010; Kolton et al., 2011) . Many of these so-called plant growthpromoting rhizobacteria (PGPR) and fungi (PGPF) have been demonstrated to control soil-borne pathogens, including P. capsici, under controlled conditions (Siddiqui, 2006; Zhang et al., 2010) . However, direct application of microbial strains formulated for commercial use often fail to persist long enough to suppress disease in field trials, likely because these strains must compete with resident microbial species (Cook, 2007) . Many studies have observed greater soil microbial activity in response to biochar amendments (Lehmann et al., 2011) , and greater populations of PGPR(F), including Pseudomonas, Bacillus, and Trichoderma species, have been observed in biochar-amended potting mix . The presence of these microbial sp. was correlated with resistance to two foliar pathogens (Botrytis cinerea and Leveillula taurica) in pepper and tomato , and upregulation of select genes commonly associated with induced systemic resistance (Mehari et al., 2015; Meller Harel et al., 2012) . Because of its stability, microbes likely receive little carbon from biochar amendments, but its large internal surface area could provide an ideal habitat for soil microbes. Consequently, biochar has been suggested as an ideal carrier for microbial strains developed for use as inoculants (Thies and Rillig, 2009) , and many commercially available biochar products are amended with these microorganisms. Surprisingly, we observed lower soil microbial activity in response to B1 in all soils, and either no change or reduced activity in response to B2 which had been amended with a proprietary mix of beneficial microorganisms. This contradicts results of many studies which have observed greater microbial activity in response to biochar amendments (Lehmann et al., 2011) , and does not support the hypothesis that PGPR(F) played a role in the suppressive effects observed in this study. However, lower microbial activity in response to biochar amendments could have been related to sorption of substrates used in the colorometric enzyme assay rather than actual reductions in microbial activity. Others have demonstrated that biochar can increase soil-phase sorption of the chemicals used in colorometric soil enzyme assays, limiting their effectiveness to determine impacts of biochar on soil microbial activity (Bailey et al., 2011; Swaine et al., 2013) . Interestingly, results of these studies depended on the type of biochar applied as well as soil type, which is consistent with our findings. Alternatively, the suppressive activity observed in this study could be more related to changes in soil microbial community structure than overall microbial activity. Additional studies that quantify changes in microbial community structure are needed to confirm whether resident PGPR(F) enhanced by biochar amendments, or microbial strains included with these products contribute to the suppression of phytophthora blight.
Changes in soil physical properties is another factor that could contribute to the suppressive effects of biochar amendments. For example, many studies have observed changes in soil physical properties including lower bulk density (Downie et al., 2009; Laird et al., 2010; Lehmann et al., 2006) and greater soil tilth (Glaser et al., 2002) following biochar amendment. Compacted soils restrict root growth and prevent drainage, which provide ideal conditions for damage by many soil-borne pathogens. However, biochar amendment can also increase soil water holding capacity (Downie et al., 2009; Laird et al., 2010) , which could exacerbate damage by oomycete pathogens like P. capsici. In the present study, soils were intentionally kept overly moist to create conditions conducive to P. capsici development and thus any potential changes in soil physical properties, which could have influenced soil moisture, were likely obscured. Consequently, any potential changes in soil physical properties resulting from biochar amendment were not likely related to the suppressive effects observed in this study. In addition, our results indicate that any potential increases in soil water holding capacity that could be induced by biochar amendments are not likely to exacerbate phythophthora blight.
The suppressive effects observed in this study may have been related to changes in soil chemical properties. Many studies have observed changes in soil pH, cation exchange capacity, and nutrient retention and availability in response to biochar amendments (Clough et al., 2013; Laird et al., 2010; Liang et al., 2006; Singh et al., 2010; Spokas et al., 2011; Ventura et al., 2013) . Soil pH influences the solubility and availability of trace elements, and it is a key driver of soil microbial composition and activity (Kammann and Graber, 2015; Lehmann et al., 2011) . Many soil-borne pathogens thrive under relatively narrow pH ranges (Husson, 2012) , and changes in soil pH have been suggested as one potential factor that could influence biochar's suppressive activity Graber et al., 2015) . Consistent with other studies (Laird et al., 2010; Novak et al., 2009; Van Zwieten et al., 2010) , B2 increased soil pH in two of the three soils tested. Interestingly, B1 did not increase soil pH even though it had a much greater pH than B2, indicating that changes in pH were more likely related to additions of calcium (Ca) from B2, than the pH of the amendment itself. Nevertheless, changes in pH do not appear to be directly related to suppressive effects observed this study, as corresponding reductions in pathogen abundance and root infection were only observed in one soil. In addition, previous studies testing effects of soil pH on phytophthora blight indicate that disease severity is greater when soil pH is increased, which could be related to lower amounts of exchangeable aluminum (Al) which has the potential to be toxic to P. capsici (Muchovej et al., 1980) . Nutrient availability is a key driver regulating pathogen dynamics and plant health, which can be influenced by biochar amendments, and could have contributed to the suppressive effects observed in this study. Many studies have observed greater cation exchange capacity in response to biochar amendments resulting in greater plant available nutrients in the root zone (Glaser et al., 2002; Laird, 2008) . Greater access to nutrients has been shown to decrease root hair development (Prendergast-Miller et al., 2014) , thereby reducing surface area for infection by soil-borne pathogens . Nutrient availability was not meant to be limiting in this study and all pots received sufficient nutrients to support young pepper growth. Nevertheless, the biochar with suppressive potential, B2, contained considerable amounts of P, K, and Ca, as well as a limited amount of Mg which could have contributed to the suppressive effects observed. Each of these nutrients has previously been demonstrated to reduce diseases caused by soil-borne pathogens. For example, P. capsici infection was reduced by phosphate additions (F€ orster et al., 1998) , and Ca and Mg reduced infection by Pythium (Kao and Ko, 1986; Lumsden et al., 1987) and Fusarium species (H€ oper et al., 1995) . Several studies have observed greater foliar concentrations of Mg in response to biochar amendments (Atucha and Litus, 2015; Elmer and Pignatello, 2011; Major et al., 2010; Wang et al., 2014) , and Atucha and Litus (2015) theorized that this could have contributed to reduced severity of peach replant disease observed in their study. Many studies have observed changes in N dynamics in response to biochar amendments, with greater soil retention and availability in some studies (Atucha and Litus, 2015; Lehmann et al., 2003; Spokas et al., 2011; Ventura et al., 2013) , and lower availability as a result of potential immobilization in others (Ameloot et al., 2015; Bruun et al., 2012; Clough et al., 2013) . Surprisingly, B1, which had a very high C:N ratio, did not appear to affect soil or leaf N content, whereas B2, which had a much lower C:N ratio and greater N contribution, resulted in lower soil N availability and leaf chlorophyll content. Reduced N availability and uptake could have contributed to lower pathogen infection. Abundant soil N can increase vegetative growth and make plants more attractive to some pests. Greater soil N availability has previously been reported to increase damage by Pythium sp. and Rhizoctonia solani (Baker and Martinson, 1970; Wall et al., 1994) . Surprisingly, we did not observe stimulation of root or shoot biomass in response to either biochar amendment, which contradicts results of other studies (Laird et al., 2010; Lehmann et al., 2011; Watts et al., 2005) . Lack of a plant growth response could be related to the amount of biochar that was applied in this study, as rates of biochar that have shown an effect on disease suppression differ from those that most stimulate plant productivity (Jaiswal et al., 2014) . Some biochar amendments contain residual tars that include organic compounds such as ethylene (Anderson et al., 2013) , which can enhance or reduce plant productivity depending on the concentration. It has been suggested that these compounds could be responsible for the U-shaped biochar dose response curve observed in many studies with soil-borne pathogens Jaiswal et al., 2014; Matsubara et al., 2002; Nerome et al., 2005; Zwart and Kim, 2012) . When found in low concentrations, these compounds aid in seed germination, enhance growth of beneficial microorganisms, and exhibit biocidal properties (Amonette and Joseph, 2009; Elad et al., 2010; Schnitzer et al., 2008) , whereas at higher concentrations they negatively impact root growth and make plants more susceptible to pathogen attack (Ye et al., 2004) . Alternatively, our experiments may not have been conducted long enough to observe beneficial effects of biochar on plant productivity.
Conclusions
Results of this study indicate that some commercially available biochar amendments have the potential to help suppress phytophthora blight, but further trials are needed to confirm that suppressive effects will also be observed in field trials. Additional research is also needed to identify the mechanisms regulating biochar-mediated suppressive effects to develop products that can reliably suppress diseases in the field. Currently, limited availability of commercial sources of biochar amendments, high costs, and variability in physical and chemical properties limit the practical deployment of biochar as an effective disease suppressive strategy. Growers will also need to consider confounding effects such as potential contaminants and human health risks of some biochar amendments (Montanarella and Lugato, 2013) as well as biochar's potential to sorb and reduce pesticidal activity (Cabrera et al., 2014; Jones et al., 2011) before deciding whether to include biochar in their portfolio against soil-borne pathogens like P. capsici. Nevertheless, as more studies demonstrate the potential for biochar to suppress soil-borne pathogens, the mechanisms regulating biochar-mediated pathogen suppression are determined, and alternative energy sources continue to become more attractive. Therefore, biochar has great potential to become a valuable tool in the fight against soil-borne pathogens.
